ABSTRACT: Positron emission tomography (PET) scan with tracer [ 18 F]-fluorodeoxy-glucose ( 18 F-FDG) is
Idiopathic Parkinson's disease (IPD) is a age-related neurodegenerative disorder characterized by the asymmetrical loss of melanin-containing dopaminergic neurons in the substantia nigra [1] . Neuronal death often occurs years before the time of symptom onset in IPD. By the time a patient presents with clinical symptoms, approximately 75% of pigmented neurons in the substantia nigra (SN) were lost [2] . Tracer based method to study dopamine receptor such as 11 C-CFT is not sensitive to predict the severity of IPD [3] . The detection of Lewy body in brainstem (within the SN) or within the cortex can confirm the diagnosis of IPD but this method is not convenient, and it needs an invasive biopsy. Currently, the diagnosis of IPD mostly depends on the presence of motor symptoms such as rest tremor, rigidity and freezing of gait, which lacks objectivity, especially in early stages of IPD as the clinical symptoms often overlap with several 'look-alike' disorders [4] [5] [6] . To date, the availability of quantitative biomarkers to assess the progression of the disease objectively is limited. PET/computed tomography (PET/CT) is a hybrid in-vivo imaging technique that can track the brain pathophysiological activities in a noninvasive way in various neurological and psychiatric disorders [7, 8] . The [18F]-fluorodeoxy-glucose ( 18 F-FDG) PET assessing brain metabolism has demonstrated its utility in metabolic disorders including IPD [9] .
Previous studies using FDG PET to analyze IPD patients mainly focused on the motor and no-motor symptoms such as cognitive, fatigue and anxiety [9] [10] [11] [12] [13] , not the severity of disease. In addition, insights upon the progression of IPD and compensatory alterations in other parts of brain during disease progression are still lacking. Accurate and comprehensive description of the natural course and pathophysiological activity is pivotal to the assessment IPD as disease progresses.
18 F-FDG PET metabolic imaging analysis can measure pathological activity and has been widely used in IPD. It can be potentially used as an objective, quantifiable and stable biomarker for the diagnosis of IPD as well as the evaluation of disease progression and the response to treatment [14, 15] .
In this study, we evaluated the metabolic pattern of 18 F-FDG using PET scan in 50 IPD patients and analyzed the relationship between metabolic activity of regions of interest (ROI) and H-Y stages. We identified the regions that were associated with disease progression.
MATERIALS AND METHODS

Subjects
From March 2016 to November 2016, 55 IPD patients were recruited consecutively from the Department of Neurology, Beijing Tiantan Hospital, Capital Medical University, Beijing, China. All patients were fulfilled the diagnostic criteria proposed by the United Kingdom PD Society Brain Bank. All had disease stages clinically defined as " medication off " state by Hoehn and Yahr's (H&Y) rating scale and no patients had any occupying lesions in central nervous system. Among these 55 patients, 3 had progressive supranuclear palsy and 2 had severe brain atrophy; these 5 patients were excluded in this study. In total, 50 IPD patients were included for data analysis. We also recruited 20 age-matched healthy controls (11 men and 9 women, mean ± SD, 54.6 ± 12.3 years) for comparison. They showed normal neurological examination results and had no history of any central nervous system diseases. All participants provided written informed consent.
PET Image Acquisition
Ethical permission was obtained from Beijing Tiantan Hospital, Capital Medical University. All patients and healthy controls underwent brain 18 F-FDG PET imaging examination. Individuals fasted for at least 6 hours before 18 F-FDG injection and stopped taking any drugs (including oral antiparkinson medications) that could affect brain metabolism for at least 3 days prior to the scanning. The 18 F-FDG (37 MBq/kg) was injected intravenously in awake and resting state. PET image acquisition was started 60 minutes after the injection. The PET studies were performed using a Discovery ST, GE Healthcare, Waukesha, Wisconsin, USA. Computed attenuation correction was utilized to correct the brain images for attenuation of 511-keV photons. Emission images were reconstructed in a 192 ×192 × 47 matrix with a pixel size of 1.56 ×1.56 × 3.27 in the axial direction using the ordered subset expectation maximization algorithm, with 5 iterations and 32 subsets. Images were then corrected for attenuation using the CT transmission scan. Heart rate, blood pressure and pulse oximetry were measured during the PET procedure.
F-FDG PET Analysis
Visual Evaluation of PET Data: Brain 18 F-FDG PET images were visually evaluated by 3 experienced nuclear medicine physicians. Brain areas with decreased and increased metabolic activity were identified and reported after at least 2 readers reached a consensus.
SPM analysis: All images were converted from DICOM to NIFTI using MRIcon (University of South Carolina, USA). Images were then analyzed voxel-byvoxel using SPM12 (Wellcome Department of Cognitive Neurology, University College, London, UK) running on Matlab (Mathworks Inc., Sherborn, MA, USA). Firstly, PET images were spatially normalized into a common Montreal Neurological Institute (MNI) atlas anatomical space, followed by a 12-parameter affine transformation and non-linear transformation. Secondly, 2×2×2mm voxels were constructed. Normalized images were smoothed with FWHM=12mm and Isotropic Gaussian Kernel to increase the signal to noise ratio. Preprocessed PET image values were corrected to a mean value of 50 mL/dL/min by "proportional scaling" to reduce individual variation. A mask with 0.8 intensity value was used to select voxels activity and to exclude extra cranial activities. A two-sample t-test was applied between diseased and control groups. To reduce the impact of age and gender, both factors were regressed out as covariates. The P value and extended voxel size (k) were thresholded at two levels and three levels, respectively: p< 0.001(matched with k > 50, 100, 200 voxels corrected, respectively) and p < 0.01 (matched with k > 50, 100, 200 voxels corrected, respectively). In addition, we chose the smaller p value first since p value wasn't correct with false discovery rate (FDR) or Familywise error rate (FWE), but the central hypometabolic regions had been kept unchanged among at least two voxel sizes simultaneously as described in our previous study [16] .
The significant clusters were tested to see whether they were closely related to clinical characters. Then the ROIs were automatically delineated with REST (http://restfmri.net/forum/REST_V1.8) on MNI atlas anatomical space with parametric PET images. Brain regions that showed p < 0.001 at voxel level were considered significant and were computed and transformed into z-scores. Accordingly, a subsequent correlation analysis between the metabolic activity of ROIs and H-Y rating scale was conducted using SPSS 16.0 (SPSS Inc., Chicago, Illinois). 
RESULTS
Patient information
There were 50 IPD patients in total (29 men and (Table 1 ). In terms of therapy, 41 patients had received levodopa treatment after diagnosis and the remaining 9 patients did not receive medical intervention. All clinical information was listed in Table  1 . Twenty age-matched healthy individuals (13 men and 7 women, mean ± SD, age 55.6 ± 12.3 years) were recruited as controls.
Demographic characteristics
Chi-square test and Mann-Whitney U-test were performed respectively for gender and age comparison between IPD patients and healthy controls. There was no significant difference between the demographic data of the two groups, including gender (p = 0.292) and age (p = 0.21).
PET results and statistical Analysis
By visual analysis, 90% (45/50) IPD patients appeared normal on FDG PET, and only 10% (5/50) showed abnormal metabolic activity and 3 of them had severe IPD in stage IV and V. Next, we performed SPM analysis. The difference between the IPD patients and the age-matched controls was calculated using the extent threshold 100 voxel-level with p＜0.001, PFDR-cor <0.05. As shown in Table 2 , SPM analysis demonstrated that IPD patients had a significantly decreased metabolic activity in the areas of bilateral putamen, caudate and anterior cingulate when compared to heathy controls. Bilateral parietal lobes, temporal lobe and prefrontal area also showed decreased metabolic activity in IPD patients. In contrast, relative hypermetabolic activity was observed in the cerebellum and vermis in IPD patients (Fig 1) .
To investigate the relationship between metabolic activity in significant clusters and H-Y stages, we measured the absolute glucose metabolic values in these regions and performed a correlation analysis between their metabolic activity and H-Y stages. As shown in Fig  2, caudate (A) and prefrontal (B) metabolic activity showed a negative correlation with H-Y stage, whereas no correlation was found in vermis (C), angular (D), occipital (E) and temporal lobes (F).
We also studied the relationship between disease duration and stages. H-Y stages and disease duration had a moderate positive correlation (p =0.001, r=0.657) and a positive linear correlation between H-Y and UPDRS III scores was identified (p =0.001, r=0.75). 
DISCUSSION
Molecular imaging analysis especially using 18 F-FDG is a popular tool for the diagnosis and therapeutic evaluation of IPD. In this study we explored the metabolic activity of different brain areas in IPD patients using 18 F-FDG PET. We demonstrated that SPM is an effective tool to analyze the data and showed that the metabolic activity of caudate and prefrontal cortex negatively correlated with the severity of disease in IPD patients.
The metabolic patterns of FDG in IPD patients have been studied but results have been inconsistent in terms of the affected areas as well as the precise distribution and the trend (i.e., increases or decreases) of metabolic changes. Eidelberg previously used PD-related pattern (PDRP) and identified increased metabolic activity in pallido-thalamic and pontine, and decreased activity in supplementary motor area (SMA), parietal association, and areas of premotor cortex [17] . The increased regions of PDRP such as the putamen and thalamus had a linear relationship with patients' standardized motor ratings [18] [19] [20] . PD-related cognitive pattern (PDCP) was related to memory and executive function in IPD patients. It was characterized by a metabolic decrease in the medial frontal and parietal associated regions as well as a relative metabolic increase in the cerebellar vermis [21] . Other studies showed a symmetric/asymmetric hypometabolic activity in the prefrontal, lateral frontal cortices, middle temporal gyrus, bilateral parietal association cortices, and bilateral occipital cortices, as well as a relative hypermetabolic activity in the vermis and cerebellum [22, 23] . In addition, Strafella et al. found that IPD patients often showed asymmetric involvement of dopaminergic neurons in striatum [24] . In this study we found that IPD patients had reduced uptake in bilateral putamen, caudate, parietal lobe, temporal lobe, prefrontal cortex and increased uptake in vermis and cerebellum when compared to healthy controls. This is similar to the finding reported previously [23] . More interestingly, we found that there was a negative relationship between H-Y rating scale and caudate metabolic activity; the higher the H-Y scale, the lower rate of caudate metabolism. The implication of this finding is twofold: first, the measurement of caudate metabolic activity can potentially offer valuable clues for early diagnosis of IPD and monitoring disease progression; second, caudate may play an important role in the pathogenesis of IPD. Future studies to explore the role of caudate in IPD will shed light on the mechanism of disease development and progression. Of note, the potential role of caudate in IPD has been indicated in previous studies [25] [26] [27] [28] . Autopsy study demonstrated an uneven pattern of dopamine loss in the caudate nucleus in IPD patients and previous studies showed caudate hypofunction was specific in the executive domain and related to injured nigrostriatal dopaminergic function [29, 30] . Ko et al found that the increased uptake of caudate was correlated with motor symptom severity [31] . Evidences from in vivo PET also connected caudate dopamine depletion and executive deficits in PD patients [26, 32, 33] . Another finding in our study is that prefrontal metabolic activity decreased as the disease progressed (Fig 2B, p=0.033, r=-0.334) . Prefrontal cortex receives input from anterior cingulate area, a major locus of dopaminergic input to the cerebral cortex [34] . Previous study showed that cognitive decline and behavioral abnormalities were associated with functional deficits in prefrontal cortex and striatum.
After deep brain stimulation of the subthalamic nucleus, the 18 F-FDG activity in frontal lobe and the cognitive outcome showed a linear relationship. These indicated a potential relationship between striatum and frontal cortex [35, 36] . Evidences from human and monkey studies showed that caudate deficit may be related to the impaired frontal tasks [36] . In our study, both the caudate and prefrontal cortex showed a correlation to the disease severity. This indicates there may be an association between cortical and subcortical changes during IPD disease progression.
Future studies will aim to recruit more patients at stages IV and V as the majority of patients in the current study were stages I-III. Cognitive data will be collected in future studies. Other PET tracers, such as ¹ ¹ C, H2 15 O will be used to determine the pattern and compare to 18 F-FDG used in this study. Finally, a longer follow -up with changes in PET pattern will be performed for the current patient group to determine the dynamic changes in IPD.
In summary, a voxel-by-voxel based statistical mapping method, i.e. SPM12 analysis by PET scan, is a valuable tool for evaluation of disease progression in IPD. The uptake of FDG in caudate and prefrontal cortex is associated with different stages of IPD, serving as a valuable biomarker to estimate the severity of IPD.
